Coated retarders based on liquid crystal materials are typically aligned by brushing or photo-alignment. Recently, we have managed to combine the aligning and retarder function into a single material. Alignment of the new volume photo-alignable retarder (VPR-) material is induced in the bulk upon exposure to linearly polarized light. The new alignment mechanism opens up a new dimension for the design of optical retarders, especially when combined with conventional surface alignment, which allows to induce complex tilt and twist profiles.
Introduction
About ten years ago the application of birefringent optical films in liquid crystal displays (LCDs) was restricted to supertwisted nematic type LCDs. Uniaxially and biaxially stretched plastic films were employed to compensate the high birefringence of STN-LCDs in order to get rid of the strong intrinsic coloration. Because of the increasing demand for high performance LCDs, most of the modern LCDs make use of birefringent optical films to improve contrast, viewing angle and brightness of TN, OCB, IPS and VA LCDs. However, stretching of plastic films can not achieve the optical properties required for compensation of all of the above display modes, as it only allows to modify the refractive index along and perpendicular to the web direction. During the last years coating of retarders has become a well known alternative to produce retarders with additional optical properties [1] . These retarders are at the same time much thinner, which is a strong request for mobile applications.
Coatable retarders are typically based on cross-linkable liquid crystal materials. Such materials are coated on substrates with surfaces modified to exhibit alignment capabilities. The most advanced techniques to generate alignment on a substrate are brushing and photo-alignment. There are several well known drawbacks of brushing which are overcome by the photo-alignment technique. One of them is the generation of dust due to brushing. Another one is the limited range of adjustable alignment direction angles in roll to roll manufacturing, which for certain applications requires that individual sheets have to be cut, aligned and laminated to the polarizer, rather than directly laminating both films roll by roll. 
Surface Photo-Aligned Retarders
Besides the unique feature of photo-alignment to generate alignment patterns and therefore patterned retarders with locally varying optical axis direction, Rolic's linearly photopolymerizable (LPP) photo-alignment materials [2] were designed to allow a wide adjustment range of the tilt angles in the liquid crystal retarder material (LCP) coated on top [3] . By adjusting both LPP and LCP materials, different types of tilt profiles can be achieved as shown in Fig. 1 , where tilt angles may range from 0 • to 90
• . As long as one of the two tilt angles at the alignment layer and at the air side is different from 0
• or 90 • such configuration is called o-plate, whereas the names a-plate and c-plates are used if both angles are 0
• or 90 • , respectively. The tilt angle at the air side is determined by the LCP material and is hardly influenced by the tilt angle at the alignment layer side. Due to elastic forces the alignment of the molecules at the boundaries is transferred to the bulk molecules, such that the tilt angle varies linearly from the tilt angle induced by the alignment layer to the tilt angle at the LCP-air interface.
Consequently, in case of surface alignment the tilt profile is limited to the three types of Fig. 1 , all of them exhibiting a linear deformation profile.
The main steps to generate above described photoaligned retarders are [4] a) the preparation of the photoalignment layer, which involves coating, drying and linearly polarized exposure and b) preparation of the retarder layer, which again involves coating, drying and UV-cross-linking. terials which can be used for volume photo-aligned retarders are for example mixtures of LPP polymers and LCP monomers. Integration of the alignment function into the retarder material has two important consequences: a) the number of process steps for photo-aligned retarders is reduced and b) the mechanism changes from surface alignment to volume alignment.
Preparation of Volume Photo-Aligned Retarders
Since the alignment function is part of the retarder material, an alignment layer is not required, as sketched in Fig. 2 . Therefore, the preparation of VPR layers requires only one coating and drying step. For the examples described in this paper, a cinnamate based photo-alignment polymer was mixed with diacrylate type LCP monomers in a ratio of 3:7 by weight. Each 1% of Photoinitiator Irgacure 369 and of inhibitor BHT was added to the mixture, which was then dissolved in Anisole at a solid content of 30%. After spincoating the solution on D263 glass substrates (Schott) and drying at 130
• C the temperature was reduced to 59
• C, which was 3
• C above the clearing temperature of the VPR mixture. For generation of the alignment, the layer was exposed to linearly polarized uv-light (LPUV) providing wavelengths from 280 nm to 340 nm. The exposure took place in normal air atmosphere in order to inhibit the radical cross-linking reaction of the LCP monomers by the oxygen of the air. After cooling the layer down to room temperature, a second, but non-polarized UV-exposure in nitrogen atmosphere was applied, which initiated cross-linking of the LCP monomers.
A quarter wave retarder, which results following above procedure is shown in Fig. 3 between crossed polarizers, with its optical axis arranged parallel and diagonal to one of the polarizers. A LPUV energy of 200 mJ/cm 2 was applied in this case. The transmission ratio of the bright and dark state in above arrangement is a measure for the alignment quality of a liquid crystal layer. In the extreme case that no alignment is induced in the VPR layer, the randomly distributed liquid crystal domains would cause a depolarization of the polarized incoming light independent of the azimuthal orientation of the VPR layer relative to the orientation of the crossed polarizers. Hence the transmission ratio for non-aligned liquid crystal layers is 1. Contrary, if all the liquid crystal domains are aligned perfectly parallel to each other in a monodomain, no depolarization occurs when the optical axis is oriented parallel to one of the crossed polarizers. Therefore, no light is transmitted in this arrangement, except of residual light leakage of the crossed polarizers. In the above example the transmission ratio was determined as 4500:1 using a polarizing microscope. In the calculation, the light leakage of crossed polarizers was subtracted from both bright and dark state in order to describe the pure behavior of the VPR layer. This high value of 4500:1 demonstrates the excellent alignment of the resulting retarder.
The optical retardance of the VPR layer was measured as 140 nm from which an optical anisotropy of ∆n=0.106 was determined. Compared to ∆n=0.119 of a retarder layer prepared conventionally by surface alignment of the pure LCP material on an alignment layer, the optical retardance of the VPR layer is reduced by 11%. According to the molar ratio, the VPR layer comprises only 62% liquid crystals. Therefore, a decrease of around 38% would have been expected. The result implies that either the order of the liquid crystal monomers was increased by the aligned photopolymer or the mesogene like side chains of the photoalignment polymer contribute at least partially to the nematic phase.
Alignment Control
As described above, surface alignment typically leads to linear tilt deformation profiles. This is also known for the twist deformation, when liquid crystals are confined between two alignment layers, like in a TN-LCD.
In case of volume photo-alignment there are still molecular interactions at the substrate and at the air boundaries (Fig. 4) , which can be controlled by material formula- tion. But contrary to surface alignment, the exposing light directly affects the alignment in the bulk of the VPR layer. Therefore, there is additional control of the alignment in thickness direction, which offers the possibility to realize non-linear tilt or even twist profiles.
Proper design of the VPR material allows to generate a non-uniform distribution of photo-reacted alignment compounds along the thickness direction of the layer. This can, for example, be done by inducing phase separation by mixing incompatible LCP and LPP molecules. Another way is to control the absorption of LPUV light in the VPR layer, such that the effective exposure dose, and therefore the reaction rate, decreases along the thickness direction. In the extreme case the reaction may be limited to the upper part of the VPR layer, close to the surface, such that the mechanism of alignment is similar to surface alignment, but without a separate alignment layer.
The extinction of the VPR material at a certain wavelength is determined by the molecular structure and the mixing ratio of LPP and LCP compounds and can be further increased by UV-absorbing additives. Figure 5 shows the absorption of a 1.2 µm thick layer (on quartz substrate) of the VPR material used for the experiments in this paper, which was volume photo-aligned with 30 mJ/cm 2 . For the 313 nm mercury line, which is dominant in LPP exposure systems, the extinction is around 1. If a homogeneous distribution of the absorbing molecules is assumed along the thickness direction of above layer, the calculation of the intensity decay inside above layer for 313 nm UV light results in the curve shown in Fig. 6 . Because the photo-reaction rate is proportional to the intensity of the exposing light the concentration of reacted alignment compounds is much higher at the air side of the layer than at the substrate side (Fig. 6, right) .
Tilt Deformation Profile in VPR-Layers
Several retarder applications, such as viewing angle enhancement films, require the optical axis to be obliquely aligned relative to the film plane (o-plate retarder, see Fig. 1 ). However, it has been demonstrated [7] , that for splayed o-plate configurations the average tilt angle does not fully describe the optical properties. Therefore, if the same average tilt angle is assumed for the three o-plate configuration types of Fig. 1 , a significant difference in the optical performance, such as contrast and color shift at large angles, can be observed for viewing angle enhancement films based on such configurations. As described above, surface alignment typically leads to linear tilt deformation profiles. However, non-linear profiles offer additional design flexibility for further improvement of viewing angle enhancement films. Figure 7 shows the tilt angle deformation profile in VPR-layers for two different LPUV exposure energies and different LPUV incident angles α exp . The data were evaluated from ellipsometric measurements. For the low energy the liquid crystal molecules align almost vertical on the D263 glass substrate, whereas the tilt angle at the air side was found to be close to zero in any case. The tilt deformation upon 60 mJ/cm 2 exposure can be described by a linear profile for each incident angle. Differences between the different incident angles are small. However, for the 200 mJ/cm 2 exposure the profile can no longer be described by a linear behaviour and the incident angle starts to have big influence on the resulting tilt angle deformation profile.
Although the tilt angles at the boundaries are similar for the three different incident angles, there is a strong difference in the middle of the layer, which demonstrates the influence of volume photo-alignment on the bulk of the VPR layer.
Combination of Surface and Volume Alignment
Coating a VPR material on a substrate with an alignment layer, as depicted in Fig. 8 , offers a high degree of flexibility to induce complex birefringent properties, in particular if the alignment information defined by the alignment layer and by VPR exposure is different. According to above results, the photo-induced alignment is limited to the upper part of the VPR layer as long as the VPR exposure energy is low. Therefore, the top part of the VPR layer acts like an alignment layer for the liquid crystals in the bulk of the VPR layer. With the additional alignment layer beneath the VPR layer the alignment configuration for low VPR exposure energies corresponds to that of liquid crystal cells and most of the configurations known from liquid crystal cells are feasible. In addition to the known configurations, the alignment inside the bulk can be modulated by applying higher VPRexposure energies.
In general the alignment information describes a combination of tilt angle and azimuthal angle.
Retarders with Opposite Boundary Tilt Angles
In the tilted retarder configurations of Fig. 1 , which result from surface alignment, the LCP molecules at the air side are either non-tilted, or are tilted in the same direction as the LCP molecules at the alignment layer side, whereas the magnitude of the tilt angles in general differ from each other. However, it is not possible to achieve opposite tilt angle directions at both boundaries only by surface alignment. By combining surface alignment with volume alignment, however, the VPR material can be exposed such that the photoinduced tilt angle close to the air side is opposite to the tilt angle induced by the alignment layer. There are three configurations which would fit with such boundary tilt angles: bent, splayed or 180
• twisted. So far we have realized a splayed configuration with opposite tilt angles at both boundaries. To realize a bent state higher tilt angles at the alignment layer and air side may be required. The splayed as well as the bent configuration offer high optical symmetry in the deformation plane, and at the same time increase the refractive index along the thickness direction compared to a homogeneous layer, which also exhibits high optical symmetry. Thus biaxial properties are induced in the defor- mation plane of such bent or splayed configurations, which may be useful for improving the performance of compensators for various applications.
Patterned Twisted Retarders
Coated twisted retarders are well known as compensators for supertwisted nematic displays [8] . The liquid crystalline coating materials typically contain a well defined concentration of chiral dopants, which cause the liquid crystals to twist in a helical sense defined by the nature of the chiral dopant. Since the twist angle in such a layer changes linearly with the layer thickness, the production of twisted retarders containing chiral dopants requires extreme coating thickness accuracy if the twist angle has to be controlled even within a few degrees.
If in VPR layers different azimuthal alignment directions are defined by volume and surface alignment, a twist deformation can be induced without any chiral dopant. Rather than controlling the twist by an intrinsic helical twisting power, the twist angle is defined by the two azimuthal alignment directions and therefore the twist angle is not sensitive to thickness variations. This certainly offers a big advantage in production since extremely high precision coating is not required to realize a well defined twist angle.
Moreover, there is no helical sense defined by chiral dopants, thus the photo-induced twist can be left-or right handed. Since alignment patterns can be generated by photo-alignment, the photo-induced twist angles can be locally different. In particular, a pattern of left-and right handed twisted retarders, as drawn in Fig. 9 , can be realized. The photograph in Fig. 10 shows a surface aligned 1.2 µm thick VPR layer, in which a pattern of left-and right handed twisted retarders was generated. The alignment direction of the alignment layer was uniform, whereas LPUV double exposure of the VPR layer was performed using photo-masks with the polarization direction at +45
• and −45
• relative to the alignment direction of the alignment layer. The exposure energy was 60 mJ/cm 2 in each region. The absolute values of the twist angles evaluated from ellipsometric measurements were 40
• ±5
• . The evaluation also confirmed that a linear twist deformation was induced in both regions.
If the conditions for wave guiding are fulfilled, twisted retarders work as achromatic rotators, which rotate the polarization of light according to the twist angle induced in the individual areas. Such properties are for example requested for 3D-LCDs to encode the polarization information individually for the viewer's left and right eye.
Perfect achromatic behaviour is achieved if the Mauguin condition is satisfied. However, to satisfy the Mauguin condition, the layers become very thick with the consequence of high material consumption and high exposure energies required for alignment. On the other hand, a compromise can be made like in the case of TN-cells, which are not perfectly achromatic, but since they exhibit a high degree of achromaticity they are quasi achromatic. Therefore, for a 90
• twist angle, the first minimum condition [9] could for example be adjusted, which requires ∆nd to be roughly 0.48 µm, where ∆n is the optical anisotropy of the material and d the thickness of the layer. For lower twist angles the optimum value of ∆nd increases, whereas it decreases for twist angles above 90
• . Typical ∆n values of LCP materials range from 0.1 to 0.25. Therefore, typical layer thicknesses for such quasi achromatic rotators are in the range from 2 µm to 5 µm, depending on the ∆n of the material.
For most applications, the performance of such VPR quasi achromatic retarders is much more tolerant to thickness variations than standard uniaxial retarders. One prerequisite is that the twist angle does not depend on the thickness, which is the case as explained above. In addition, the conditions of ∆nd required for rotators to be achromatic are the same as those for low sensitivity to thickness variations. This can for example be seen from the first minimum condition, for which the slopes in the transmission/wavelength and in the transmission/thickness curves are both zero.
Non-linear Twist Deformation
Like in the case of tilt deformation, a non-linear twist deformation profile is expected for higher VPR exposure energies, for which the number of photo-reacted alignment compounds inside the VPR layer is increased. The ellipsometric evaluation of a 1.2 µm thick VPR layer on an alignment layer where the polarization plane of the LPUV light for VPR exposure was at 80
• relative to the surface alignment direction and an exposure energy of 200 mJ/cm 2 was used is shown in Fig. 11 . In the upper part of the layer almost no twist was induced, because the number of photo-reacted alignment compounds was high enough to provide sufficient anchoring for the LCP molecules in the VPR material. In the lower part of the layer, in which less photo-reaction of alignment compounds occurred, the elastic forces exceeded the VPR alignment forces, hence the LCP-molecules start to twist.
The deformation profile thus can be roughly described by a non-twisted (a-plate) upper part and a twisted lower part. Therefore, the single VPR layer is expected to optically perform almost like a double layer consisting of a twisted and an a-plate retarder.
By numerical simulation we have further found that such a double layer of twisted and a-plate retarder can be designed to act as an achromatic retarder. The calculated result of an optimized configuration is shown in Fig. 12 .
Comparison with the well known achromatic films consisting of two stacked a-plate retarders [10] shows that there is almost no difference. Both configurations exhibit nearly perfect achromatic performance, in particular in the wavelength range from 450 nm to 600 nm, in contrast to standard uniaxial retarders. For the calculations it was assumed that the incoming light is circularly polarized and the analyzer is oriented at 0
• . The optimized retardations and optical axis orientations were as follows: For the uniaxial retarder: ∆nd=136 nm, Φ=45
• ; for the stacked a-plates:
• ; ∆nd 2 =252 nm, Φ 2 =75
• and for the newly designed double layer, twisted plate: ∆nd 1 =167 nm, twist from Φ 1 =−8
• to Φ 2 =76
• ; a-plate: ∆nd 2 =173 nm, Φ 2 =8
• , the a-plate being positioned adjacent to the analyzer. The advantage of the achromatic VPR layer is therefore that a single layer is sufficient to achieve an achromatic performance which is similar to that of a standard two layer configuration.
The control of the thicknesses of a-plate and twisted part in the quasi-double layer VPR configuration is of course very important since it determines the optical characteristics. The photo-reaction mechanism follows the principles outlined in Sect. 3.2 above. Because of the nature of the LPP-process the reaction rate can precisely be controlled by the amount of exposing light. Therefore, the most important parameter to control the thickness of the sub-layers is the exposure energy. Although the acceptable variations of the sub-layer thicknesses depend on the applications, a 5 to 10% variation of the exposure energy might be tolerable.
Conclusion
VPR materials combine alignment and retarder functions in a single material. Contrary to conventional surface alignment, which requires an alignment layer and a retarder layer, a single VPR layer is sufficient to induce birefringence upon exposure to linearly polarized UV-light. The mechanism of volume photo-alignment is different from that of surface alignment and offers additional control of the molecules in the bulk of the layer. In addition, the combination of surface and volume photo-alignment opens up a new dimension in the design of optical retarders, which allows to realize optical properties not achievable so far. These new properties may be very useful to further improve the performance of optical films for any kind of LCD modes and at the same time reduce cost by the reduction of layer complexity.
